We compared the understory communities (herbs, shrubs, and tree seedlings and saplings) of 2 old-growth and second-growth eastern hemlock forests (Tsuga canadensis) in western 3
values for overstory species in each stand. Significance levels were set at α = 0.05 for all 1 analyses and experiment-wide probability levels were protected by a sequential Bonferroni 2 procedure (Rice 1989 
Results 5

Diversity and cover of understory herbs and shrubs 6
A total of 47 understory herb and shrub species was identified across the 24 hemlock 7 stands examined in this study ( Table 2 ). Of the species identified, 29 occurred only in old-8 growth hemlock stands; no species were restricted to second-growth hemlock stands (Table 2) . 9
No non-native species were found in either old-growth or second-growth stands (Table 2) . 10 Importantly, the greater number of species found within old-growth forests may be an artifact of 11 the sampling design, as there were twice as many old-growth study areas as second-growth. 12 Nonetheless, compared with second-growth stands, old-growth forests had approximately 4 13 times the amount of total ground cover of herbaceous and shrub species (4.02 ± 0.41 versus 1.06 14 ± 0.47 %/m 2 ) and supported greater overall species richness and diversity (Table 3 ). In contrast, 15 evenness of herb and shrub species was greater in second-growth stands due in large part to the 16 lower species richness in these systems (Table 3) . 17 18 
Tree seedlings and saplings 19
Densities of seedlings and saplings were greater in old-growth stands compared to 20 second-growth stands (Table 4) . Acer pensylvanicum, Tsuga canadensis, and Betula spp. (B.
all stands (Table 4) . Most seedling species were found in both old-growth and second-growth 1 forests; however, Pinus strobus and Acer saccharum only occurred as seedlings in old-growth 2 stands. Seedling densities varied considerably between old-growth and second-growth forests as 3
T. canadensis, Picea rubens, and Betula spp. had higher densities in old-growth stands while 4
Acer rubrum had higher densities in second-growth stands (Table 4) . Overall, the composition 5 of the seedling layer was positively associated with the composition of the overstory layer 6 (Mantel test, r = 0.27, P < 0.05), suggesting the successful establishment of overstory species 7 within the understory layer of these stands. 8
Tsuga canadensis had the highest sapling density across old-growth and second-growth 9 stands and was the only species found in the sapling layer of all hemlock stands investigated 10 (Table 4) . A. penslyvanicum and Fagus grandifolia were generally more abundant in old-growth 11 versus second-growth stands (Table 4) . Several species occurring as seedlings within a given 12 forest type were not observed as saplings (Table 4) . For example, Pinus strobus and Betula 13 papyrifera saplings were not observed in old-growth stands despite the presence of these species 14 in the seedling layer and in the overstory (Table 4) . Likewise, saplings of B. papyrifera and 15
Quercus rubra were not found in second-growth stands despite their presence in the seedling 16 layer of these systems. Nonetheless, composition of the sapling layer among hemlock stands was 17 positively correlated with the composition of the seedling layer (Mantel test, r = 0.29, P < 0.05). 18
In addition, there was a positive correlation between the composition of the sapling layer and the 19 composition of the overstory layer (Mantel test, r = 0.30, respectively, P < 0.05). Conversely, 20 sapling densities were negatively correlated with density of overstory trees (Kendall's tau = -21 0.53, P < 0.05). 22 response permutation procedures {MRPP}; A=0.03, P < 0.05); however, the small effect size 3 (A=0.03) derived from MRPP suggested that there was also a wide range of variation in 4 understory community composition within old-growth and second-growth stands, respectively 5 (McCune and Grace 2002). This was illustrated by the broad distribution of points for each of 6 these stand types in the ordination of understory vegetation (Figure 1) , which explained 65.2 % 7 of the variation in the raw data (NMS ordination, final stress = 12.35, final instability = 0.00001). 8
Most of the variation in understory vegetation among stands was explained by Axis 1 (30.4%), 9 which represented a gradient from sites with low overstory tree densities and high NH 4 -N 10 availability in the negative portion of Axis 1 to higher density sites with lower levels of available 11 Table 5 ). 15 The distribution of study areas along Axis 2, which explained 27.8 % of the variation, 16 generally ranged from sites with a smaller proportion of the total downed coarse woody debris 17 (CWD) pools in decay class IV (highly decayed, cf. Fraver et al. 2002) to sites with higher 18
proportions of this deadwood type (Figure 1 ). Study sites with downed woody debris pools 19 containing a higher proportion of wood in advanced stages of decay tended to have greater 20 amounts of Kalmia latifolia and Tsuga candensis in the understory as there was a significant 21 positive correlation between the abundance of these species and Axis 2 (Table 5) . Importantly, 22 average volumes of decay class IV downed CWD were more than 9 times greater in old-growth 23 stands compared to second-growth stands (21.3 ± 7.7 vs. 2.2 ± 0.9 m 3 /ha in old-growth and 1 second-growth stands, respectively). Furthermore, total volumes of downed CWD were four 2 times as high in the old-growth stands examined in this study (D'Amato et al. 2008) . 3 Despite the wide range of variation in understory community composition within both 4 old-growth and second-growth stands (based on MRPP), Indicator Species Analysis identified 5 four species indicative of the understory layer in old-growth hemlock forests relative to second-6 growth stands: Dryopteris intermedia, Viburnum alnifolium, Aralia nudicaulis, and Tsuga 7 canadensis ( Figure 2 ). Several other species, including Lycopodium lucidulum, Polypodium 8 virginianum, and Polystichum acrostichoides, were also more common in old-growth stands 9 ( Figure 2 ). In contrast, only Acer rubrum seedlings were more common in second-growth stands 10 ( Figure 2 ). There was no significant relationship between the composition of understory herbs 11 and shrubs and the composition of overstory trees among hemlock stands (Mantel test, r = 0.02, 12 P =0.37). 13 
14
Discussion 15
This study indicates that, despite compositional similarities in overstory trees, differences 16 exist between the understory communities characterizing old-growth and second-growth 17 hemlock forests in western Massachusetts. In particular, old-growth forests had higher species 18 richness and diversity, as well as a greater abundance of understory herbs and shrubs, and tree 19 seedlings and saplings compared to second-growth forests. The observed importance of 20 overstory tree density, nitrogen availability, and coarse woody debris characteristics in 21 explaining the variation in understory composition among hemlock stands suggests that 22 differences in resource availability (e.g., light, moisture, and nutrients) and microhabitat 1 heterogeneity between old-growth and second-growth stands were likely driving these patterns. abundance of these species in second-growth areas is that these species were never present in 1 these stands prior to harvesting. Despite this consideration, the historical ubiquity of these plant 2 species throughout these landscapes makes this explanation highly unlikely (Egler 1940). Due to 3 affinity of these species to old-growth and primary forests found in this and other studies in the 4 region, the abundance of these species might serve as useful indicators for evaluating the success 5 of management strategies aimed at restoring old-growth characteristics to second-growth 6 hemlock systems. 7 8
Composition and Abundance of Tree seedlings and Saplings 9
The high densities of Tsuga canadensis and Acer pensylvanicum seedlings observed in 10 old-growth and second-growth stands in this study were consistent with the findings of other 11 studies quantifying seedling densities in hemlock-dominated forests (e.g., Rogers 1980 is highly likely that a similar increase in B. alleghaniensis and B. lenta will occur on these sites 5 when hemlock woolly adelgid reaches these areas. 6
Although there were compositional similarities in the seedling and sapling layers between 7
old-growth and second-growth hemlock stands (Table 4) , densities of seedlings and saplings 8
were much greater in old-growth stands. The factors described as influencing the patterns for 9 understory herb and shrub abundance between old-growth and second-growth stands (e.g., 10
greater diversity of microhabitats and resource availability in old-growth stands) also likely 11 contributed to the patterns in seedling and sapling densities. and Betula spp. were commonly observed on these substrates within our study areas (A.W. 20 D'Amato, personal observation, Figure 3 ). In addition, the association of T. canadensis with this 21 microhabitat was demonstrated by the positive correlation between proportion of highly decayed 22 downed coarse woody debris and T. canadensis abundance in the ordination of understory 23 community composition (Figure 1) . Due to the importance of deadwood substrates in these 1 systems, the deliberate felling and retention of canopy trees in harvest gaps should be integrated 2 into management strategies aimed at restoring old-growth conditions to second-growth hemlock 3 stands. Importantly, including these provisions for CWD creation at each harvest entry will be 4 critical for ensuring that a diversity of decay classes are present in these stands over time (cf. 5
D'Amato and Catanzaro 2007). 6
Beyond differences in microhabitat and resource availability, it is likely that the greater 7 sapling densities in old-growth stands were also related to the differences in the nature of 8 disturbance in these systems as compared to second-growth stands. Both of these systems have 9 experienced small to moderate canopy disturbances over the past century (D'Amato and Orwig 10 2008); however, the size of canopy gaps created in old-growth stands is generally greater due to 11 the larger overstory trees in these stands (cf. Dahir and Lorimer 1996) . As a result, these stands 12 contain understory light conditions more favorable for the recruitment of mid-tolerant and 13 tolerant species into the sapling layer. Moreover, the extreme shade tolerance of T. canadensis 14 allows it to persist under low light levels in the forest understory for extended periods of time, 15 often exceeding a century (Godman and Lancaster 1990, A.W. D'Amato, personal observation). 16 Therefore, some of the hemlock saplings within old-growth stands likely recruited prior to the 17 establishment of the second-growth areas examined, thus contributing to the greater abundance 18 of this species within old-growth areas. These patterns reinforce the suitability of selection 19 systems for increasing hemlock regeneration in second-growth systems and restoring canopy 20 complexity through the creation of well-developed sapling layers. 
Conclusions 15
The understory communities in the old-growth hemlock stands examined in this study are 16 distinctive from those in hemlock dominated stands originating following logging in the late 19 th 17 century. Understory vegetation characteristics within these old-growth stands, including species 18 richness, herb and shrub cover, and seedling and sapling densities, are much greater than those 19 observed within the understories of second-growth areas due in large part to the greater resource 20 availability and microhabitat heterogeneity characterizing these systems. Notably, differences in 21 composition, richness, and diversity between old-growth and second-growth hemlock stands 22 resulted from either the absence or lower abundance of several common forest herbs and shrubs 23 within second-growth stands and were not due to the presence of rare species in old-growth. 1
Despite the lack of old-growth obligate understory species in these stands, the understory 2 communities of these old-growth systems represent important habitat features on the landscape 3 providing greater levels of forage and cover for a variety of wildlife relative to second-growth 4 hemlock stands. The return of old-growth understory conditions to these second-growth areas 5 will be largely dependent on disturbance and self-thinning mediated changes in overstory 6 structure, resource availability, and microhabitat heterogeneity within these systems. As such, 7 management strategies, including the use of gap-based silvicultural systems and the creation and 8 retention of CWD, may serve as effective approaches for actively restoring these understory 9 conditions to second-growth stands. Although hemlock woolly adelgid is not present at any 10 hemlock stands examined in this study, our results suggest that the loss of hemlock from these 11 areas will lead to the tremendous increases in B. lenta and B. alleghaniensis observed in infested 12 hemlock forests in this region (Orwig and Foster 1998) . More importantly, infestation of these 13 areas will irreversibly alter the composition and structure of the few remaining old-growth 14 forests in southern New England. Wilcoxon rank-sum test). 
